interest as well as theoretically informative to examine the amounts by which some, such as CVD, accelerate age-related cognitive changes in comparison with others, such as cancer. A partial solution to the problem of approximately matching the relative severity of different pathologies is to compare their effects over similar periods before they bring about death. Though the progress of their effects on the central nervous system may be only loosely related to their effects on survival, this is possibly the best we can do to address the question when we only have behavioral, rather than detailed neurophysiological, information about each of the individuals that we compare.
Nearly all studies that have compared individuals who died from unrecorded causes before a subsequent census date and those who survived beyond it find that decedents scored significantly lower than survivors on most cognitive tests (Bosworth, Laukka et al., 2006; Nguyen, Black, Ray, Espino, & Markides, 2003; Small & Backman, 1997) . In these cross-sectional studies, differences between those who died from undifferentiated causes and survivors have been found up to eight years before death (Rabbitt et al., 1997; Rabbitt et al., 2002) . Many cross-sectional studies have also examined the reverse direction of association and found that cognitive impairment is a risk factor both for death from undifferentiated causes (e.g., Bosworth, Shaie & Willis, 1999; Bosworth, Schaie, Willis & Soegler, 1999; Deeg et al., 1990; Frisoni, Fratiglioni, Fastbom, Viitanen, & Winblad, 1999; Gale, Martyn, & Cooper, 1996; Palmore & Cleveland, 1976; Smits, Deeg, Kriegsman, & Schmand, 1999) and from specific pathologies, such as CVD (e.g., Hassing et al., 2002) . Because it is difficult to assemble sufficient cases of deaths from several individual pathologies, some studies have examined deaths only from a single condition and most have considered deaths from undifferentiated causes. Few studies have compared deaths from different causes, and most of these have made only single assessments followed by retrospective comparisons of survivors and decedents. Among these, earlier studies have found no differences in the amounts of terminal declines preceding deaths from different pathologies, such as CVD and cancer (e.g., Palmore & Cleveland, 1976; Rabbitt et al. 1997 ), but more recent work suggests that different pathologies may, indeed, be associated with different amounts of terminal impairment (Frisoni et al., 1999; Small, Fratiglioni, von Strauss, & Bäckman, 2003) .
Although this recent work is useful, discrepancies with results of cross-sectional studies in which differences between causes of death have not been found suggest that the evidence is incomplete. This is partly due to methodological problems. For example Rabbitt and colleagues (1997) found no differences between amounts of decline preceding deaths from CVD and from cancers, but their analyses serve to illustrate how single assessment methodology can confound rates and amounts of decline. A single comparison made some years before death might detect the entire amounts of decline associated with rapidly progressing pathologies such as cancers, but only smaller amounts of changes accumulated over parts of much longer and slower trajectories of decline associated with gradually progressing conditions, such as diabetes or CVD. To examine this issue and to detect differences in rates rather than amounts of decline, we need longitudinal studies in which we make several successive assessments before deaths from different causes. Such studies are rare because they are logistically difficult. They also face further methodological problems. One is that the precision with which differences in rates or in gross amounts of changes associated with different terminal pathologies can be detected will depend on durations of intervals between successive assessments. Long intervals will not sensitively discriminate between rates of premorbid declines associated with deaths from different causes. Another problem is that when the same test batteries are repeated, significant improvements with practice will occur (Rabbitt, Diggle, Holland, McInnes, Bent, et al., 2004; Rabbitt, Diggle, Smith, Holland, & McInnes, 2001 ). Significant practice effects have been found even with 8-year intervals between successive assessments (Rabbitt, Lunn, & Ibrahim, 2010) . Because practice effects are smaller in older and less able individuals (Rabbitt, Lunn, & Wong, 2008a) , they exaggerate declines in performance associated with increasing age and with the progress of pathologies and so also in individuals nearing death (Rabbitt et al., 2008c) . Because females live longer than males and socially advantaged individuals survive longer than disadvantaged ones (Nagi & Stockwell, 1973) and because mortality varies with geographic location of residence (Rabbitt et al., 2008b) , demographic factors must also be considered. Another source of interindividual variance is that during a longitudinal study, it is usually necessary to recruit several successive waves of participants who may differ significantly both in terms of levels of ability on entry to the study and also in subsequent survival (Rabbitt et al., 2008b) . Finally, because probability of death increases as age advances, age on entry to a study must be considered, not just as a necessary methodological precaution but as an essential test of the unresolved question whether the cognitive impacts of pathologies vary with the ages at which they are experienced.
We analyzed data from the University of Manchester Longitudinal Study (UMLS) to test whether different terminal pathologies are preceded by different rates as well as by different amounts of cognitive changes over periods of 4-20 years and whether cognitive changes are affected by interactions between pathologies, age, and demographics after practice effects have also been considered.
Methods

Procedure and Measures
Complete details of the UMLS are described by Rabbitt, Diggle, Holland, and McInnes (2004) Dates and causes of death were recorded for 2,499 volunteers who died after recruitment to the study between 1983 and 1991 and before it ended in 2004. These were compared with 3,506 survivors who lived beyond the 2004 census. At 4-year intervals, all participants were given two tests of fluid intelligence, the Heim's (1970) AH4-1 and AH4-2 and two vocabulary tests, the Raven's (1965) Mill Hill A and B. This allowed us to compare effects of terminal pathologies on tests of fluid intelligence, which decline markedly with age, and tests of crystallized intelligence, which are relatively unaffected by normal aging (Horn, 1982) .
The Heim (1970) AH4-1 includes 64 verbally described problems with equal numbers of verbally expressed logic, odd one out, number series, and other arithmetical problems. The Heim AH4-2 includes 64 problems presented as line drawings of regular and irregular shapes requiring mental rotation, comparison, addition, or subtraction from each other and detection of odd one out. Scores on both tests are total problems correctly completed in 10 min. Before taking each of these tests, participants were guided through five unscored examples and rationales of solutions. The Mill Hill A test consists of 36 target words that must each be matched to the closest synonym among four alternatives. The Mill Hill B test requires exact definitions for 36 different target words. Time limits are not imposed.
The AH4-1 and AH4-2 are well-validated tests on which individuals' scores account for up to 98% of that proportion of the variance in performance between them on tests of memory and information processing speed, which is associated with differences in their calendar ages (see Rabbitt & Anderson, 2006) . The Mill Hill tests were chosen because like other mental skills learned and practiced over a lifetime, vocabulary is relatively unaffected by increasing age.
Previous analyses of Newcastle residents only had found that participants' levels of performance markedly vary with their levels of socioeconomic advantage (SEA) as categorized by the UK Office of Population Census and Surveys classification of Occupational Categories (1980; Rabbitt, Diggle, Holland, McInnes, Bent, et al., 2004) . These levels are SEA C1, professionals such as doctors, lawyers, senior managers, and academics; SEA C2, those in professions requiring further education such as school teachers, pharmacists, and junior managers, SEA C3 N, skilled nonmanual workers such as secretaries; SEA C3M, skilled manual workers such as craftsmen, joiners, fitters, and machinists; SEA C4, nonskilled nonmanual workers such as clerical assistants and storekeepers; and SEA C5, nonskilled manual workers such as laborers, cleaners, and janitors. These analyses also found significant effects of sex, with males scoring higher than females on tests of general fluid intelligence and females higher than males on tests of verbal memory and learning; that AH4-1 and AH4-2 scores were higher for Mancunians than for Novocastrians (Rabbitt, Diggle, Holland, McInnes, Bent, et al., 2004) ; and that AH4-1and AH4-2 test scores differ significantly between successive recruitment cohorts in this sample (Rabbitt, Lunn, & Wong, 2005 . Accordingly, occupational category, sex, city, and recruitment wave were entered into all analyses. Age was also entered since possible interactions between age and cognitive impacts of pathologies were of particular interest. All participants independently travelled to testing sessions at Manchester and Newcastle and were assessed, in groups of 5-20, by two experienced administrators in comfortable quiet rooms. Travel expenses up to £5 (UK) were reimbursed.
Of 6,203 participants, 3,704 survived and 2,499 died. Exact dates of all deaths between 1983 and 2004 with proximate causes listed on death certificates were obtained and assigned to eight categories: cancers, coronary artery disease, strokes, cardiac problems + vascular diseases + vascular dementias, infections, respiratory conditions, dementias, and accidents. Causes too infrequently recorded to permit comparisons are aggregated as miscellaneous and those without recorded causes as missing data. Table 1 gives numbers in each of these categories.
Analysis Plan
We model the response, here the (possibly transformed) test score, as in Rabbitt and colleagues (2001) ,
where the mean value of ij Y is given by
The index i is the identifier of the volunteer, the index j gives the occasion of the test (j = 1, . . . , 4), and x ijk denotes the values of the explanatory variables, where k runs from 1 to pThe first two variables x ij1 and x ij2 are related to age and age squared, with a value zero corresponding to age 70 years which is close to the average age at test session1.
As in Rabbitt and colleagues (2001) , the random effects (Level 2) are given by A i + B i x ij1 , where (A i , B i ) are bivariate normal with mean zero and covariance matrix 
and are independent of the Level 1 error E ij , which follows a univariate normal distribution with mean zero and variance S E 2 . The model accounts for repeated longitudinal measurements taken on each individual.
The fixed effect models the relationship between mean response and age, occupation, sex, city, etc. Recruitment wave (grouped) is entered as a categorical variable x ik for some k as there is a significant drop-in effect, with individuals joining in the later years scoring higher than those from the earlier years. Causes of death are treated as categorical variables in the fixed effect part of the model. Significant interactions are also included. This is a mixed-effects model (Pinheiro & Bates, 2000) .
The model also allows an assumption of what is referred to as missing at random as opposed to missing completely at random or nonignorable (Little & Rubin 1987) . Missing at random accepts that missing observations can be due to previous observations but not due to future unknown observations. Maximum likelihood estimators are then unbiased, provided this is a correct assumption. This is a much weaker assumption than missing completely at random, which is unlikely to be correct.
Results
Tables 2 and 3 show the outcomes of analyses for the AH4-1 and AH4-2 tests respectively. Note that the response is the percentage of correct answers in AH4-1, whereas it is the raw test score in AH4-2. For both analyses, age is centered at 70 years. For both the AH4-1 and AH4-2, linear and quadratic age terms are significant and negative showing that declines in performance on both tests accelerate with increasing age. Age interacts with numerous other variables (see later). For the AH4-1, there is no significant main effect of sex, but on the AH4-2, males score higher than females. For both tests, significant interaction between sex and age shows that males decline with age faster than females. On both tests, Mancunians score higher than Novocastrians, and for the AH4-1 but not the AH4-2, a significant negative interaction between city and age suggests that Mancunians decline more slowly. Comparisons across SEA categories are highly significant. The effects of recruitment cohort are significant with entrants in years 1989+ performing better than the earlier entrant cohort.
Practice effects are highly significant. The greatest gains occur between the 1 st and 2 nd sessions with smaller improvements between the 2 nd and 3 rd and 3 rd and 4 th experiences of both the AH 4-1 and AH4-2. After demographics and practice effects have been taken into consideration, volunteers who died from any cause declined faster on both tests than those who survived until 2004. It is interesting that this applies even for deaths by accidents (though, for the AH4-1, this term just reached significance at the 5% level). A possible explanation is that pathologies not recorded on death certificates made individuals more prone to accidents such as falls. For deaths for which causes are missing, differences between decedents and survivors are not significant for the AH4-1 but are for the AH4-2.
The first issue of interest was whether different terminal pathologies are associated with different rates of decline. Those dying from all recorded causes show significantly greater mean declines than do survivors. This effect is underestimated because some of the tests would have been experienced several years before eventual death (but see age interactions later). The declines associated with pathologies are also underestimated because some survivors must have experienced the same pathologies and may also have died of these shortly after the census date. The rank orders of the effects of terminal pathologies on preterminal decline are similar for both intelligence tests. Comparisons of values for estimates suggest a rank order for the sizes of these effects across different causes of death. For the AH4-1, the effect size is, unsurprisingly, greatest for nonvascular dementias including Alzheimer's type (−9.95), followed by respiratory problems (−6.48), infections (−5.90), heart disease + vascular disease + vascular dementia (−5.14), accidents (−4.82), strokes (−3.56), coronary artery disease (−2.99), and then miscellaneous causes (−1.98). For the AH4-2, the effect sizes and rank order are very similar to that for the AH4-1, that is, dementia (−5.96), accidents (−4.28), respiratory problems (−4.00), infections (−3.92), strokes (−2.63), heart disease + vascular disease + vascular dementia (−2.49), coronary artery disease (−2.01), and so on.
For some, but not all pathologies, rates of terminal decline interact with those of increasing age to accelerate agerelated changes. For AH4-1, accelerations are greatest for nonvascular dementias (estimate −0.70), less for infections (estimate −0.29) and strokes (estimate −0.20), and for deaths from miscellaneous causes (−0.26). For the AH4-2 test, interactions are again largest for nonvascular dementias (−0.29) and for heart disease + vascular disease + vascular dementias (estimate −0.17) and appear for cancers (estimate −0.09). For the AH4-1, the interaction of age with coronary artery disease is also marginally significant but positive (estimate 0.12), indicating that here decline was less rapid in older than in younger participants. For AH4-2, this estimate is again positive but not significant. Thus, these results answer the second main question asked by this analysis: In general, the effects of terminal pathologies do become greater as age advances, but except for the highly significant effect for dementias in both tests, these interactions are quite small. Different pathologies are associated with different amounts and rates of terminal cognitive declines. These interactions to some extent are affected by the time from test session to year of death.
The random effects are at the level of the individual volunteer and comprise both an intercept and a term, which is multiplied by the individual's age at the time of test. For AH4-1, the estimated standard deviations for these effects are 13.74 and 0.41, respectively. The estimated correlation between the two random effects is very low at p = .05, although still statistically significant. The estimated standard error of the residuals is 5.79. Similar results are seen for AH4-2.
Tables 4 and 5 summarize the outcomes of similar analyses for the Mill Hill A and B Vocabulary tests. The two vocabulary tests differ from the fluid intelligence tests in interesting ways. Scores for Mill Hill A were certainly not normally distributed and nor were the residuals when a linear mixed-effects model was applied to the raw test scores. Therefore, a transformation to normality was found. The response used for the linear mixed-effects model was the test score raised to the power 1.5. This accounts for the relatively large estimates. For example, the mean intercept estimate is 136.4. In contrast to the two intelligence test results, at the level of an individual volunteer, the correlation between intercept and age random effects was quite high and the estimated standard deviation was higher for the age random effect.
For the Mill Hill A, there are again both linear and quadratic effects of age on the transformed response. Mancunians scored higher than Novocastrians. Males scored marginally significantly higher than females, but the size of this sex difference significantly reduces with sample age. This is what would be expected from the gradual convergence of educational opportunities for females with those for males over the generations sampled. There are significant improvements with practice between Sessions 1 and 2 and between Sessions 3 and 4. Interestingly, for both Mill Hill A and B, there is a fall of performance between Sessions 2 and 3. For the Mill Hill B vocabulary test, both linear and quadratic terms are again significant. Mancunians scored higher than Novocastrians, but in contrast to the findings for the AH4-1 and AH4-2, this difference reverses as age increases. There is also a significant difference between recruitment cohorts with those recruited later performing very marginally worse. It seems that there is little difference between entry years in performance on the A and B vocabulary tests in contrast to the results on the two fluid intelligence tests. For the Mill Hill A vocabulary test, the only pathologies showing significant effects on decline are nonvascular dementias (effect −7.59) and infections (effect −5.67). There was no significant interaction between terminal pathology and age.
The Mill Hill B test of production vocabulary is harder than the Mill Hill A vocabulary recognition test. The scores did not exhibit nonnormality, so raw test scores were used. Here, terminal declines and their amounts differed among pathologies. For nonvascular dementias (effect −2.57), respiratory conditions (effect −2.07), and infections (effect − 1.54) were the largest of the significant causes. Significant negative interactions with age occurred for nonvascular dementias (effect −0.19), respiratory conditions (effect − 0.16), infections (effect −0.09), and strokes (effect −0.07). For Mill Hill B, sex was not a significant covariate.
The random effects modelled in the Mill Hill A and B analyses showed very different results compared with those for the two fluid intelligence tests. In Mill Hill A, the age random effect was significant but was highly correlated with the intercept random effect (correlation estimated as 0.82). In Mill Hill B, the age random effect was not significant, and in fact, when included, the estimated correlation with the intercept random effect was .975. Consequently, the age random effect was omitted from this analysis. Clearly, variability among individuals in vocabulary does not appear to increase more than marginally with age.
Discussion
The significant effects of demographics replicate those found in earlier analyses (Rabbitt, Diggle, Holland, & McInnes, 2004; Rabbitt, Diggle, Holland, McInnes, Bent, et al., 2004; Rabbitt et al., 2005; 2008a , 2008b . The interactions of both sex and city of residence with age are important because they show that not only baseline levels of performance but also trajectories of age-related cognitive declines differ significantly between males and females and are also significantly influenced by environmental factors. City of residence used in this study is certainly a complex proxy for a number of effective factors such as differences in general health, diet, access to education and so also to information on good health habits, and exposure to toxicity. Thus, although these data do make an important general point about the relationship between environment and maintenance of cognitive competence in old age, they do not identify the specific functional causes of these effects. For example, we would expect the corollary advantages of socioeconomic status to be quite similar to those of cities, but there are, unexpectedly, no similar interactions between the effects of age and occupational status, which is, obviously, an imperfect proxy for SEA. The interactions between age and sex are also complex. Males perform better than females on both tests of fluid intelligence but not on vocabulary tests. The finding that males score slightly higher on tests of fluid intelligence is typical of the literature, even for comparisons among young adults. The reversal of male advantage with increasing age is a new finding that suggests they were, generally, nearer death than females of the same ages (see Rabbitt et al., 2008a Rabbitt et al., , 2008b Rabbitt et al., , 2008c . It is also noteworthy that in other analyses of this sample, females are consistently better than males on tests of verbal learning and memory even after age is taken into consideration. These complex effects make the strong methodological point that trajectories of age-related decline will be seriously misinterpreted if sex and demographic factors are neglected and unless comparisons involve several different cognitive measures. The highly significant practice effects offer a similar methodological caveat.
After the effects of occupational category, city, sex, age, and practice have all been considered, these data confirm previous findings that cognitive declines accelerate before death (Rabbitt et al., 2005 (Rabbitt et al., , 2008a . The new finding is that proximate causes of deaths were also entered, making it possible to ask whether different terminal pathologies are associated with different rates of decline, whether the effects of terminal pathologies become greater as age advances, and whether pathologies have the same effects on over-learned crystallized abilities such as language as they do on fluid abilities such as intelligence.
On the first issue, there is clear evidence that different pathologies are preceded by different rates of terminal decline. Nonvascular dementias (unsurprisingly including cases of Dementia of the Alzheimer Type) show the largest effects. Infections, respiratory conditions, and CVD show smaller but still significant effects. Other causes of death had significant but smaller effects.
On the second issue, the data confirm that the effects of pathologies on rates of change in cognitive function increase with the age at which they are experienced. For the AH4-1 test, age interacts significantly with stroke, infection, and dementias. For the AH4-2, age interacts with stroke, CVD, dementias, and cancers. For the relatively easy test of recognition vocabulary, Mill Hill A, cause of death does not interact with age. For the more difficult test of production vocabulary, the Mill Hill B, age interacts with the effects of stroke, infections, dementias, and respiratory conditions. We believe the finding that age accelerates cognitive declines associated with pathologies has not previously been reported. This extends the evidence that a variety of pathologies contribute to age-related losses of cognitive abilities (e.g., Jolles et al., 1990; van Boxtel et al., 1998) .
Further issues are whether some cognitive abilities are more sensitive to the effects of terminal pathologies than others and, conversely, whether different terminal pathologies have similar or different patterns of effects across different cognitive abilities. Or, conversely, whether declines in cognitive abilities are sensitive markers for the progressions of particular pathologies to their terminal conclusions. We find some evidence for this. All causes of death are associated with decline on the AH4-2, and all, except causes classified as miscellaneous or missing, are associated with declines on the AH4-1. In contrast, on the easier Mill Hill A vocabulary test, only the effects of dementias and of infections are significant at the 5% level, whereas, for the more difficult Mill Hill B, infections, stroke, nonvascular dementias, and respiratory conditions significantly accelerate rates of decline. This adds to our interpretation of the evidence that calendar age impairs fluid abilities, such as intelligence, more than crystallized abilities, such as vocabulary (Horn, 1982) . The pathologies that accompany calendar age also affect fluid intelligence earlier and more than vocabulary. In other words, vocabulary is relatively resistant to the progress of pathologies as well as to the progress of other biological and neurophysiological changes associated with increasing age. Earlier studies suggested that a large proportion of the cognitive decline observed with increasing calendar age is associated with an increasing burden of pathologies and negative life events (e.g., Jolles et al., 1990; van Boxtel et al., 1998) . These analyses confirm and extend those findings by showing that a variety of different pathologies accelerate age-related cognitive declines in both fluid and crystallized mental abilities. The question whether any, or how much, of the variance in rates of cognitive aging among individuals is associated with factors other than the increased burden of pathologies as aging progresses, thus becomes increasingly pertinent.
